MRI-based reports of both abnormally increased and decreased amygdala volume in bipolar disorder (BD) have surfaced in the literature. Two major methodological weaknesses characterizing extant studies are treatment with medication and inaccurate segmentation of the amygdala due to limitations in spatial and tissue contrast resolution. Here, we acquired high-resolution images (voxel size = 0.55 × 0.55 × 0.60 mm) using a GE 3T MRI scanner, and a pulse sequence optimized for tissue contrast resolution. The amygdala was manually segmented by one rater blind to diagnosis, using coronal images. Eighteen unmedicated (mean medication-free period 11 ± 10 months) BD subjects were age and gender matched with 18 healthy controls, and 17 medicated (lithium or divalproex) subjects were matched to 17 different controls. The unmedicated BD patients displayed smaller left and right amygdala volumes than their matched control group (p b 0.01). Conversely, the BD subjects undergoing medication treatment showed a trend towards greater amygdala volumes than their matched HC sample (p = 0.051). Right and left amygdala volumes were larger (p b 0.05) or trended larger, respectively, in the medicated BD sample compared with the unmedicated BD sample. The two control groups did not differ from each other in either left or right amygdala volume. BD patients treated with lithium have displayed increased gray matter volume of the cortex and hippocampus relative to untreated BD subjects in previous studies. Here we extend these results to the amygdala. We raise the possibility that neuroplastic changes in the amygdala associated with BD are moderated by some mood stabilizing medications.
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Introduction
Volumetric reductions of the amygdala have been reported in MRI studies of both adults (Blumberg et al., 2003; Pearlson et al., 1997a; Rosso et al., 2007) and adolescents (Blumberg et al., 2003; Chang et al., 2005; Dickstein et al., 2005) with bipolar disorder (BD), and these findings are supported by post-mortem data indicative of reduced amygdala volume, neuronal size or neuronal density of some amygdala nuclei (Berretta et al., 2007; Bezchlibnyk et al., 2007) . Nevertheless, the volumetric MRI data are inconsistent. While some studies return negative results in adults (Lyoo et al., 2004; Swayze et al., 1992) , children (Frazier et al., 2005) , and high-risk offspring (Ladouceur et al., 2008; Singh et al., 2008) , others report enlargement of the amygdala in adult samples with BD relative to healthy control samples (Altshuler et al., 1998 (Altshuler et al., , 2000 Brambilla et al., 2003; Strakowski et al., 1999b; Velakoulis et al., 2006) .
In this study we addressed two methodological limitations that might explain the diversity of results obtained with structural MRI in BD. Firstly, we applied a high-resolution 3T MRI sequence that enabled more accurate delimitation of the amygdala from adjacent structures than was possible in previous studies. Most previous studies acquired images using MRI scanners of b1.5 Tesla (T) field strength at volumetric resolutions N1 mm 3 (Pearlson et al., 1997b; Kogelnik et al., 2006; Velakoulis et al., 2006) . More recently, two studies imaged their subjects using 3T magnets, yet they still acquired images at a resolution of 1.2-1.5 mm 3 (Chang et al., 2005; Foland et al., 2008) . In images acquired within this range of spatial resolution, the amygdala grey matter (GM) proves difficult or impossible to delimit from some adjacent structures, such as the temporal claustrum, perirhinal cortex, hippocampus, and basal forebrain (Mai et al., 2004) , reducing the specificity and reliability of amygdala volumetric measures (Savitz and Drevets, 2009 ). To increase intra-rater reliability, some studies applied arbitrary boundaries that could be reproducibly applied, while others limited measures to slices where anatomical borders were clear. However, these approaches excluded variable amounts of amygdala tissue, and/or included tissue from adjacent structures, compromising the validity of the amygdala measures.
The identical problem applied to an independent data set of ours that was derived from 1.5 T images (voxel size = 1 mm 3 ). Despite being segmented by anatomists expert in amygdala morphology (D.L. Price, D. Öngür), we obtained unsatisfactory intra-and inter-rater reliabilities for the amygdala segmentation such that the data were reported only in abstract form (Ongur et al., 1998) . Here we resolve this problem with high-resolution 3T MRI images (volumetric resolution = 0.4 mm 3 ) that allowed us to segment the amygdala in a reliable and accurate manner.
A second issue that has confounded the psychiatric volumetric MRI literature is treatment with psychotropic medication . Lithium, for instance, has been shown to increase whole brain GM volumes by 3% (24 ml) from baseline in BD patients treated for only 4 weeks ; an effect that may extend to other mood stabilizers such as valproate (Mark et al., 1995; Hao et al., 2004) , antidepressants such as tianeptine (McEwen and Olie, 2005) , and perhaps even fluoxetine (Stewart and Reid, 2000) . The hypertrophic effects of lithium have been reported to extend to the prefrontal cortex (Moore et al., 2009) as well as the amygdala in adult (Foland et al., 2008) and pediatric (Chang et al., 2005 ) BD samples.
Previous MRI studies of the amygdala either failed to control for medication effects (Altshuler et al., 2000; Frangou, 2005; Lyoo et al., 2004; Strakowski et al., 1999b; Velakoulis et al., 2006) , or attempted to address this confound by comparing subjects receiving medication at the time of scanning against subjects not currently taking such agents at scanning (Blumberg et al., 2003; Brambilla et al., 2003; Foland et al., 2008; Usher et al., 2009 ). The neuroprotection afforded by such agents would, however, be expected to persist for a few weeks following treatment discontinuation (while the drug clears from the brain and the drug effects on gene expression subside), and it is unclear when the pathological processes accounting for a primary abnormality in BD would reassert themselves-manifested by the reappearance of GM abnormalities-following treatment cessation. The current study is the first to address this question by comparing patients who were currently taking medications to patients who had not been not been treated with medication for more than two (mean 11 ± 10) months prior to scanning.
Method

Subjects
Participants met DSM-IV criteria for BD based on the Structured Clinical Interview for DSM-IV (First et al., 1995) and an unstructured interview with a psychiatrist. Eight BD subjects met criteria for Type I (BDI) and 27 for Type II BD (BDII). The following exclusion criteria obtained: left-handedness, significant medical or neurological disorders, past head injury with loss of consciousness, risk of suicide, meeting DSM-IV criteria for substance abuse within the previous 90 days or substance dependence within the previous 5 years, pregnancy, general MRI exclusion criteria or electrolyte disturbance, anemia, or positive drug or HIV screen on laboratory testing. The time period for which the exclusion criterion for substance abuse applied was limited to 90 days since the lifetime prevalence of comorbid substance abuse is so high in BDapproximately 60% (Regier et al., 1990 )-that excluding cases for a lifetime history of substance abuse might have introduced a selection bias that would have rendered our sample unrepresentative of the general BD population.
With the exception of the allowances described above for substance abuse disorders, healthy control (HC) subjects (n = 35) had no lifetime history of a psychiatric disorder, and no first degree relative with a mood or anxiety disorder, as established using the Family Interview for Genetic Studies (FIGS). One healthy control had a past history of alcohol abuse.
Ages ranged from 23 to 56 years for the BD group and 23 to 58 years for the HC sample. Each patient was matched to a control subject of the same sex and similar age (mean age difference per pair = 1.25 ± 1.95 years). The medicated BD group (3 BDI and 14 BDII) and its matched HC group each consisted of 17 matched individuals while the unmedicated BD group (5 BDI and 13 BDII) and its matched HC group each were made up of 18 matched individuals. Age, gender, and other demographic data are shown in Table 1 . The participants gave written informed consent to participate, as approved by the NIMH Institutional Review Board.
BD subjects were scanned during either the depressed or partial remission phases. Depression severity was rated using the Montgomery-Asberg Depression Rating Scale (MADRS). Mean MADRS scores of the medicated and unmedicated BD groups were not significantly different from each other (30 ± 10 and 23 ± 10, respectively; p = 0.06). Severity of depression was estimated with the MADRS using the criteria of (Hawley et al., 2002) . In the unmedicated group, 2 individuals were in the non-depressed range, 1 was mildly depressed, 11 were moderately depressed, and 4 were severely depressed at the time of scanning. The medicated BD group was composed of 1 subject in the non-depressed range, 8 moderately depressed individuals, 7 severely ill patients, and 1 very severely depressed patient. Mania and hypomania was measured with the Young Mania Rating Scale (YMRS). The mean YMRS scores were 5 ± 4 and 5 ± 4 in the unmedicated and medicated BD groups, respectively. Two individuals in the unmedicated BD group and two patients in the medicated BD group showed some evidence of mixed symptomatology at the time of scanning (YMRS scores = 11-12).
The unmedicated BD group consisted of 18 subjects who had not been exposed to psychotropic medications at least 2 months prior to scanning. Of these, 4 were naïve to psychotropic drugs and the remaining 14 were unmedicated for an average of 11 ± 10 (range 2.5 to 37) months. The medicated group (n = 17) consisted of 9 cases taking lithium, 7 cases taking divalproex, and 1 case taking chlorpromazine (therapeutic blood levels documented within several days of scanning). Lifetime drug exposure of both the medicated and (currently) unmedicated BD groups is shown in Table 2 .
Unmedicated patients with BD had the following comorbid conditions: post-traumatic stress disorder (PTSD) and generalized anxiety disorder (GAD) (n = 1), social phobia and panic disorder (n = 1), and social phobia (n = 1). In the medicated BD group the following comorbid conditions were recorded: obsessive compulsive disorder (OCD) (n = 1); panic disorder, social phobia, and PTSD (n = 2); bulimia (n = 2); panic disorder (n = 1); and social phobia and PTSD (n = 1).
Six medicated subjects with BD had a history of alcohol abuse, 1 patient had abused both alcohol and cannabis, 1 patient had abused cannabis and phencyclidine (pcp), and 1 patient had abused both alcohol and stimulants. Two patients had a prior history of alcohol dependence. Substances abused in the unmedicated BD group were cannabis (n = 1); alcohol (n = 4); and LSD, cocaine and cannabis (n = 1). 
Imaging
High-resolution images were acquired using a GE 3T MRI scanner; a standard head radiofrequency coil; and a magnetization-prepared, rapid gradient echo (MP-RAGE) pulse sequence: (echo time [TE] = 2.1 ms, repetition time [TR] = 7.8 ms, prep time = 725 ms, delay time = 1400 ms, flip angle = 6°). One hundred twenty-four axial slices (slice thickness = 0.6 mm) centered on the mesiotemporal lobe were acquired with a 14 cm field-of-view and in-plane resolution of 224 × 224 voxels, resampled to 256 × 256 × 124 voxels for reconstruction, resulting in a displayed resolution of 0.55 × 0.55 × 0.6 mm. Three to four 13-min scans were consecutively acquired, coregistered, and summed to increase signal-to-noise ratio. A second MP-RAGE image of the entire brain also was acquired to measure whole brain volume (voxel size = 0.85 × 0.85 × 1.2 mm; TE = 4.94 ms; TR = 11.6 ms, prep time = 725 ms; delay time = 1400 ms).
Image analysis
Images were corrected for intensity nonuniformity using the minc tool N3, and were segmented into GM, white matter (WM), and cerebrospinal fluid (CSF) images using the FSL tool, FAST, in order to measure whole brain volume (WBV).
The amygdala was manually segmented by one rater (WB), blind to diagnosis, using MEDx 3.4.1 and published criteria and illustrations (Amaral and Insausti, 1990; Duvernoy, 1998; Hanaway et al., 1998; Mai et al., 2004) (Fig. 1) . Segmentation was performed on coronal slices, resampled to a slice thickness of 1.1 mm to increase signal-tonoise (horizontal and vertical dimensions of each coronal plane voxel remained at 0.55 × 0.60 mm) after resampling.
The anterior boundary of the amygdala was delimited in coronal planes to identify the most anterior MRI slice in which the amygdala GM was apparent. The lateral boundary was defined by the WM between the claustrum and the amygdala. In anterior slices, the dorsomedial boundary was defined by the surface of the semilunar gyrus, the ventromedial boundary was the lateral aspect of the WM adjacent to the entorhinal cortex, and the ventrolateral boundary was delimited by the WM separating amygdala from perirhinal cortex.
In central and posterior slices the ventral boundary was formed by either the alveus or the temporal horn of the lateral ventricle, which delimited amygdala from hippocampus, and the dorsal border was drawn along the GM-WM interface at the dorsal edge of the amygdala (Fig. 1 ). In the posterior-most slices, the lateral aspect of the amygdala was delimited from the caudate tail and ventral putamen, and the medial aspect from the parahippocampal cortex.
Data analysis
Intra-rater reliability of the amygdala segmentation was assessed by repeating amygdala volume measures on 2 separate days in 10 subjects. We calculated an absolute intra-rater reliability score (the degree to which values changed for the same rater segmenting the amygdala on each of 2 different days) with the Cronbach's α statistic.
To test our a priori hypothesis that amygdala volumes differ between BD and HC subjects, we carried out both between subject and within subject analyses. For the comparisons between the medicated BD group and its matched control group, and the unmedicated BD group and its matched control group, separate within subjects analyses in the form of repeated measures ANOVA were performed. For each analysis, significance was evaluated at p b 0.05, two-tailed. To reduce nonspecific global effects, the absolute amygdala volumes were normalized by dividing by WBV. Unless otherwise stated, all analysis and results pertain to these normalized volumes.
Independent sample t-tests were used for the remaining analyses unless demographic or clinical variables differed between subject groups (p b 0.05). In this case the relevant variables were treated as covariates in ANOVA analyses.
(1) The amygdala volumes of the unmedicated and medicated BD groups were compared to their corresponding matched control samples using repeated measures ANOVAs with hemisphere (left versus right) and group (BD versus controls) specified as the within subjects variables. No covariates were entered into the models since the medicated and unmedicated BD groups did not differ from their matched controls on age, sex, or other demographic variables. (2) We compared the unmedicated and medicated BD groups to each other using an ANCOVA. Age and duration of illness were treated as covariates since these variables differed between the BD groups. (3) The HC group for the unmedicated BD sample was younger than the HC group for the medicated BD sample. We therefore compared the two HC groups with each other using an ANCOVA with age as a covariate. (4) We compared the amygdala volumes of the combined BD and HC samples to each other using a two-tailed, independent sample t-test (α = 0.05) since the groups did not differ in age, sex, or other demographic variables.
A number of other exploratory post-hoc tests were also conducted:
(5) In order to examine whether patients with BD who were treated with lithium differed from patients with BD who were treated with divalproex, we carried out an independent sample, two-tailed t-test (α = 0.05) since the lithium and divalproex groups did not differ on any demographic or clinical variables. (6) Pearson correlations of amygdala volume with duration of illness, age of onset, and depression at the time of scanning (as measured by the MADRS) were examined in the unmedicated, medicated, and full BD samples. (7) The correlation between severity of depression at the time of scanning (as measured by the MADRS) and amygdala volume was measured using the Pearson's statistic (two-tailed, α = 0.05) in the medicated, unmedicated, and full BD samples. (8) The correlation between time to last medication exposure and amygdala volume in the medicated BD group was measured using the Pearson's statistic (two-tailed, α = 0.05). (9) We tested whether unmedicated patients with BDI differed in amygdala volume from unmedicated patients with BDII. The BDI group differed from the BDII sample in duration of illness so this variable was entered as a covariate in the ANOVA. Similarly, we tested whether medicated patients with BDI differed from medicated patients with BDII. There were no demographic or clinical differences between these groups and therefore independent sample t-tests (two-tailed, α = 0.05) were used for this analysis. (10) Independent sample t-tests (two-tailed, α = 0.05) were used to evaluate whether there were sex differences in amygdala volume in the unmedicated and medicated BD groups, respectively. There were no significant demographic or clinical differences between the male and female samples.
Results
Cronbach's α scores for the absolute intra-rater reliability of the amygdala tracings were 0.990 (p b 0.001) for the left amygdala and 0.993 (p b 0.001) for the right amygdala.
The general pattern of results was that of reduced amygdala volume in the unmedicated BD patients and enlarged amygdala volume in the medicated BD sample compared to controls. No significant volumetric differences were observed between the two control groups.
Specifically:
(1) The unmedicated BD group had smaller amygdala volumes (8.2%) than their HC group (F = 10.1; p = 0.006). The effect of hemisphere was non-significant (F = 1.5, p = 0.228), and there was no diagnosis by hemisphere interaction (F = 0.3; p = 0.610). Post-hoc testing showed that the unmedicated BD group had smaller (7.5%) left and right (8.8%) amygdala volumes than their HC group (Table 1) . The medicated BD group showed a trend towards a larger amygdala volume (9.4%) than its matched control group (F = 4.4; p = 0.051) ( Table 1 and Fig. 2 ). The hemisphere main effect (F = 8.6; p = 0.010) but not the hemisphere by diagnosis interaction (F = 0.05; p = 0.820) was significant, indicating that both the medicated BD group and its healthy control group had larger left than right amygdala volumes. (2) After controlling for age and duration of illness, total amygdala volume was significantly larger in the medicated BD subjects than their unmedicated counterparts (F = 4.7; p = 0.039). Mean right amygdala volume was larger in the medicated BD sample compared to the unmedicated BD sample (F = 4.5; p = 0.044). The left amygdala volume showed a nonsignificant trend towards also being larger in the medicated BD sample than the unmedicated BD sample (F = 3.7; p = 0.064). No statistically significant correlation between age at illness-onset and normalized amygdala volume was observed in the BD groups: unmedicated BD sample: left amygdala r = 0.022, p = 0.938; right amygdala r = -0.186, p = 0.508; total amygdala r = -0.102, p = 0.718; medicated BD sample: left amygdala r = 0.010, p = 0.970; right amygdala r = 0.175, p = 0.501; total amygdala r = 0.096, p = 0.715; full BD sample: left amygdala r = -0.052, p = 776; right amygdala r = -0.032, p = 0.860; total amygdala r = 0.045, p = 0.808. 
Discussion
A priori hypothesis testing
We found that BD subjects who were medication-naïve or had been unmedicated for at least 2 months displayed smaller amygdala volumes than their matched control subjects. Conversely, the BD subjects who were undergoing treatment with lithium, divalproex or chlorpromazine (n = 1) showed a trend towards larger amygdala volumes than their matched HC subjects. After controlling for age and duration of illness, right and total, but not left, amygdala volumes were larger in the medicated BD sample compared with the unmedicated BD sample. In contrast, after controlling for age differences, the two healthy control groups did not differ from each other in either left, right, or total amygdala volume. As expected, given the hypothesized effects of medication on amygdala volume, no statistically significant difference in amygdala volume was found when the medicated and unmedicated BD samples were treated as one group and compared to the full HC sample. The fact that absolute amygdala volumes did not differ significantly across groups may reflect the increased statistical noise of these measurements due to inter-individual differences in WBV.
Preclinical studies have demonstrated that lithium and divalproex administration increases the mRNA expression of several genes involved in synaptic and cytoskeletal plasticity and cellular resilience to physiological stress (Chen et al., 1999a,b; Hao et al., 2004; Harwood, 2005; Manji et al., 2000; McQuillin et al., 2007; Youngs et al., 2006) . These findings may explain why imaging studies have found evidence for increased whole brain Sassi et al., 2002) , anterior cingulate , and hippocampal (Bearden et al., 2008; Beyer et al., 2004; Yucel et al., 2008a) volumes in longitudinal studies of lithium-treated BD patients Yucel et al., 2008a ) as well as cross-sectional comparisons of lithium-treated subjects with non-lithium treated subjects Sassi et al., 2002) , or healthy controls (Bearden et al., 2008; Beyer et al., 2004) . Furthermore, treatment with lithium has been associated with an increase in neuronal differentiation and glial cell proliferation in rodents Kim et al., 2004; Senatorov et al., 2004) ; although see Johnson et al. (2009) , who reported that lithium treatment prevented stress-induced dendritic hypertrophy of amygdalar pyramidal neurons in rodents.
Partly congruent with these findings, Foland et al. (2008) carried out a tensor-based morphometric analysis, and observed increased left but not right amygdala volume in a lithium-treated compared with a non-lithium BD control group. These data were difficult to interpret, however, since the non-lithium-treated group was receiving treatment with a variety of other medications (including other mood stabilizers, benzodiazepines, anti-depressants, and/or antipsychotic agents), no HC group was available for comparison with the two BD samples, and the BD samples were not matched for gender. Usher et al. (2009) recently found that BD I patients treated with lithium, but not non-lithium treated BD I patients had larger right amygdala volumes than a healthy comparison group. However, the non-lithium-treated BD group also displayed larger (but not significantly so) right amygdala volumes than the controls. Again, these data were difficult to interpret because the non lithium-treated group was receiving antipsychotic medication at the time of scanning.
In a similar vein, BD samples with a high percentage of lithiumtreated subjects, have yielded evidence of enlarged amygdala volumes (Altshuler et al., 2000; Brambilla et al., 2003) . Strakowski et al. (1999b) reported a correlation between the volume of the amygdala (as well as the hippocampus, prefrontal cortex, thalamus, striatum, globus pallidus) and the use of antipsychotics and mood stabilizers. Conversely, Chang et al. (2005) reported reduced right amygdala volumes in a medicated pediatric sample with BD. A secondary analysis suggested that past exposure to lithium or valproate protected against GM loss in the left but not right amygdala.
Our data are also partially consistent with two post-mortem studies. Bezchlibnyk et al. (2007) found evidence of decreased neuronal somal size (suggestive of reduced axodendritic arborization) in the lateral nucleus (LAN) and accessory basal parvocellular nucleus of the amygdala in 11 subjects with BD, relative to schizophrenia, major depressive disorder (MDD), and HC comparison samples. Four out of 11 of the BD subjects in the study had been treated with lithium. Berretta et al. (2007) reported a 29% decrease in volume of the LAN, a 41% decrease in neuronal number, and a 15% decrease in neuronal density in the LAN in BD samples compared with HC and schizophrenic comparison samples. Eight out of the 10 BD subjects had a lifetime history of lithium and/or valproate treatment, although only 3 of these subjects had been treated with lithium in the 6 months prior to death.
Preclinical studies indicate that significant dendritic remodeling of the amygdala occurs in rodents exposed to repeated stress. The pattern of dendritic remodeling is complex, however, being dependent on the type of stress and the precise anatomical area studied. Chronic, unpredictable stress in rodents has been reported to produce dendritic atrophy in the basolateral amygdala (BLA) (Vyas et al., 2002) . Another study reported that chronic restraint stress reduced neuronal spine density in the medial amygdala, but increased spine density in the BLA (Bennur et al., 2007) . This pattern of dendritic hypertrophy in response to immobilization stress in the BLA has been confirmed in other studies (Radley and Morrison, 2005; Vyas et al., 2006) , and reportedly persists for at least 21 days (Vyas et al., 2004) . Finally, rodents exposed to maternal deprivation showed glial cell reductions in the BLA (Leventopoulos et al., 2007) .
Although equivalent human studies are not possible, it is noteworthy that adults receiving chronic corticosteroid therapy (Brown et al., 2007) and children with Cushing's disease (Merke et al., 2005) reportedly show smaller amygdala volumes than controls. Adrenal steroids appear to facilitate dendritic atrophy in rodents by increasing N-methyl-D-aspartate (NMDA) receptor signaling through the modulation of NMDA and GABA-A receptor gene expression, the activation of voltage-gated calcium channels, and a reduction in the expression of the glutamate transporter (McEwen et al., 2002) .
The reason for the general pattern of decreased amygdala volumes in pediatric BD cases apparent in the literature (Pfeifer et al., 2008; Savitz and Drevets, 2009 ) is unclear since many of these participants are imaged on medication. One possibility is that pediatric BD constitutes a more severe form of illness than that observed in adults. Children with BD are also clinically heterogeneous and often display comorbid conditions such as attention-deficit hyperactivity disorder (ADHD) which may have its own neuropathophysiological sequelae. In addition to raising the issue of medication effects, Pfeifer et al., (2008) place the reduction in amygdala volume in childhood BD within a developmental framework. In other words, the type of anatomical changes to the amygdala observed in BD may vary from one stage of development to another (Pfeifer et al., 2008) . These stage-specific patterns may in part reflect age at illness onset. Nevertheless, in this particular sample, no significant correlation between age at onset and amygdala volume was present.
Post-hoc hypothesis testing
No statistically significant differences in amygdala volume or WBV were found between the BD subjects treated with divalproex and the BD subjects treated with lithium. Although most studies that have investigated the hypertrophic effects of medication have focused on lithium Sassi et al., 2002; Bearden et al., 2008; Beyer et al., 2004; Yucel et al., 2008a) ; the neurotrophic effects of divalproex have also been demonstrated in preclinical studies (Yuan et al., 2001; Hao et al., 2004; Sugai et al., 2004; Chen et al., 2006; Feng et al., 2008; Wu et al., 2008; Yasuda et al., 2009) .
Divalproex increases the expression of the ERK pathway-regulated anti-apoptotic gene, bcl-2, promotes neuronal growth, and facilitates neurogenesis (Yuan et al., 2001 ) (Hao et al., 2004) . In addition, divalproex administration increases the expression of glial cell linederived neurotrophic factor (GDNF) and/or brain-derived neurotrophic factor (BDNF) in astrocytes (Chen et al., 2006) (Wu et al., 2008) , hippocampal (Frey et al., 2006) , and cortical neurons (Yasuda et al., 2009) . Compatible with these data, administration of divalproex delays disease onset and prolongs survival in a mouse-model of amyotrophic lateral sclerosis (ALS) (Sugai et al., 2004; Feng et al., 2008) . Nakamura et al. (2007) followed patients with first-episode schizophrenia and affective psychosis patients over 1.5 years and found a 6% increase in overall neocortical GM volume in affective psychosis patients treated with lithium or divalproex. No significant difference in cortical GM volume was observed between individuals treated with lithium or divalproex. Consistent with this finding, a group of lithium-treated BD patients had greater hippocampal volumes than unmedicated BD patients but the lithium-treated BD patients did not differ in hippocampal volume from BD patients treated with lamotrigine or divalproex (Yucel et al., 2008a) . Assuming that increases in GM volume play a causal role in remission of BD, the comparative neurotrophic effects of lithium, divalproex, and other medication on brain volume should be tested more rigorously in future studies.
No statistically significant relationship between duration of illness and normalized amygdala volumes was found in our BD samples. There was also no significant correlation between age of illness onset and amygdala volumes. Our data appear compatible with the results of several previous studies that also found no significant association between amygdala volumes and duration of illness, age of onset, number of episodes, or number of previous hospital admissions (Strakowski et al., 1999b; Blumberg et al., 2003; Brambilla et al., 2003; Velakoulis et al., 2006; Foland et al., 2008; Usher et al., 2009) . These data are congruent with a report of reduced amygdala volume in firstepisode BD cases (Rosso et al., 2007) , suggesting that the reduction in amygdala volume might be developmental in origin. In contrast, Altshuler et al. (2000) found that the number of manic episodes was positively correlated with amygdala volume in their BD group without comorbid alcohol abuse but not in their BD patients with a history of alcohol abuse. Nevertheless, no correlation between number of depressive episodes and amygdala volume was observed (Altshuler et al., 2000) .
No significant correlation between severity of depression at the time of scanning and amygdala volume was observed. Studies that have reported lithium-associated increases in GM volume in the hippocampus and cortex have made use of samples that were 82% euthymic and 18% depressed (Sassi et al., 2002) ; 50% depressed or manic and 50% euthymic (Beyer et al., 2004) ; 70% euthymic and 30% depressed and 81% euthymic and 19% depressed (Bearden et al., 2008) . In the two previously published papers that have reported lithium-associated increases in amygdala volume the samples were euthymic (Usher et al., 2009 ) and ≈50% euthymic with the balance made up of depressed and manic patients (Foland et al., 2008) . In our sample, all patients were clinically depressed at the time of scanning. Based on these data, it seems reasonable to conclude that the mood stabilizer-associated increase in amygdala volume does not appear to be tightly linked to mood state. The implication of this conclusion is either that dendritic remodeling occurs prior to clinical recovery or that dendritic remodeling occurs regardless of treatment efficacy. The former hypothesis appears more likely to be correct. Moore et al. (2009) showed that lithium-associated increases in GM volume of the prefrontal cortex were limited to those patients who responded positively to lithium treatment. Nevertheless, this is an issue that should be explored in future studies.
The impact of clinical state on amygdala volume in unmedicated samples is also unclear. We are not aware of other studies that have analyzed amygdala volumes in unmedicated patients with BD. In studies that reported greater amygdala volumes in medicated BD subjects compared to healthy controls, patients were in a manic or mixed mood state (Strakowski et al., 1999b) , psychotic (Velakoulis et al., 2006) , or euthymic (Altshuler et al., 2000) at the time of scanning. A reduction in amygdala volumes was reported in mostly manic (Rosso et al., 2007) ; depressed (Chang et al., 2005) ; and a combination of euthymic, depressed, and hypomanic patients (Blumberg et al., 2003) . Thus there does not appear to be a clear relationship between mood state and change in amygdala volume in medicated BD samples. Further studies are needed to determine whether the reduction in amygdala volume observed in our depressed, unmedicated BD sample would be present in a euthymic, unmedicated BD sample.
We also found no significant correlation between the length of time that an unmedicated subject with BD was off medication and amygdala volume. A significant correlation would imply a linear relationship between length of time spent unmedicated and GM volume. However, this relationship is likely to be non-linear since rodent studies suggest that it takes up to 2 months for lesions to reappear after stress induction or chronic corticosterone administration. Another possible reason for the negative result is the large degree of variation in the duration of time that our BD subsample subjects were unmedicated. As noted below, it is also possible that our unmedicated BD subjects were unusual in the sense that they were able to live without medication. It is possible that a greater reduction in amygdala volume over time would have been observed in people with BD for whom medication was indicated, but who did not have access to treatment.
After controlling for duration of illness, we found that the unmedicated BDI patients had a smaller left but not right normalized amygdala volume than unmedicated patients with BDII. However, no significant difference in amygdala volume between BDI and BDII patients was observed in the medicated BD group.
If changes in amygdala volume are a veridical component of the pathophysiology of BD, our data raise the possibility that the degree of reduction in amygdala volume may be a phenotypic correlate of BD nosology/severity in untreated patients. Nevertheless, this finding should be treated with caution because of the small sample size of our BDI samples (n = 5 and n = 3), which may have led to both type I and type II errors. In particular, our study was underpowered to detect any differences in amygdala volume between BDI and BDII patients. To our knowledge the effect of BD subtype (BDI or BDII) on amygdala volume has not been previously examined. Most studies have not specified the ratio of BDI to BDII subjects in their samples (Pearlson et al., 1997a; Altshuler et al., 1998 Altshuler et al., , 2000 Foland et al., 2008) or have only included (or scanned a preponderance of) BDI subjects (Blumberg et al., 2003; Brambilla et al., 2003; Lyoo et al., 2004; Frangou, 2005; Velakoulis et al., 2006; Rosso et al., 2007) .
Whether bipolar disorders type I and type II fall into distinct nosological categories is unclear. While neuropsychological impairments are widely reported in BD [reviewed in (Savitz et al., 2005) ], recent studies suggest that these deficits are either attenuated (Torrent et al., 2006) or not present in patients with BDII (Glahn et al., 2005; Taylor Tavares et al., 2007; Savitz et al., 2008) . A history of psychosis, which less common in BDII, may be an important variable. A number of researchers have reported that BDI patients with a history of psychosis displayed greater impairment in some cognitive domains than their BDI counterparts without a history of psychosis Antilla et al., 2009; . In line with these data, some genetic studies are indicative of overlap in the risk variants for schizophrenia and BD (Barnett and Smoller, 2009; Lichtenstein et al., 2009; Moskvina et al., 2009 ), potentially suggesting a broader diathesis for psychotic breakdown.
The amygdala, with its extensive connections to the medial prefrontal cortex and deeper brain stem nuclei, plays a critical role in evaluating the salience of sensory stimuli and in organizing the emotional and/or behavioral response to such stimuli. In particular, the amygdala mediates the processing of negative emotions such as fear, anger, and sadness (Gloor et al., 1982) , and thus dysfunction of the amygdala may adversely affect mood and contribute to the development of affective illness. Specifically, dysregulation of projections from the amygdala to the nucleus basalis, locus ceruleus, and ventral tegmental area (VTA) (Davis and Whalen, 2001; Sah et al., 2003) may alter cholinergic (ACh), noradrenergic (NE), and dopaminergic (DA) transmission, impacting mood and attention. Dysfunction of the amygdala projections to the bed nucleus of the stria-terminalus (BNST), hypothalamus and periaqueductal gray matter (PAG) (Behbehani, 1995; Sah et al., 2003) may increase cortisol releasing hormone (CRH) release and anxiety symptoms. Finally, dysregulation of amygdala projections to the ventral striatum (Cardinal et al., 2002) may attenuate or activate rewardseeking and goal-directed behavior, potentially contributing to the anhedonia and amotivation characteristic of depression or the increased involvement in goal-directed or pleasurable activities characteristic of mania or hypomania.
Several limitations of our study design merit comment. Even with high-resolution images, it remains difficult to differentiate the anterior pole of the amygdala from the periamygdalar and temporal claustrum on its lateral border, and the entorhinal cortex on its medial border (Mai et al., 2004) . We dealt with this limitation by excluding tissue that could not be delimited clearly from these adjacent structures on the anterior-most coronal plane through the amygdala. The volume of amygdala tissue we measured for this plane thus may have underestimated the true amount of amygdala tissue present, leading to a slight underestimation of the total amygdala volume. However, there is no reason to expect that the extent of this error would differ systematically between BD patients and controls. It is also not possible to delineate subnuclei of the amygdala. In addition, the medication status of the BD subgroups was self-selected, and the groups showed a nonsignificant trend toward differing on depression severity (Table 1) .
Thirdly, our results may not be generalizable to other studies in the field because the majority of our subjects were diagnosed with BD II while previous studies have either focused on BD I or have not provided a breakdown of the relative percentages of BDI and BDII patients who were scanned. The small number of subjects with BDI in this study may have increased the risk of type II error in any statistical comparisons of BDI and BDII subjects. Further, the BD patients in our study were depressed at the time of scanning and results may differ across studies depending on the mood state of participants.
Finally, we cannot rule out the possibility that a greater number of comorbid conditions in the medicated BD group or a greater level of prior substance abuse or dependence in the medicated BD group contributed to our findings. Nevertheless, studies have reported reduced amygdala volumes in alcohol-dependent (Wrase et al., 2008) , cannabis-dependent (Yucel et al., 2008b) , and cocainedependent (Makris et al., 2004) subjects. Further, conditions such as OCD and PTSD, which were found in greater numbers in our medicated BD sample, have been associated with a reduction in amygdala volume (Szeszko et al., 1999; Karl et al., 2006) Since our medicated BD sample had larger amygdala volumes than non-medicated BD patients or healthy controls, this suggests that if anything, the increased substance abuse and comorbidity found in our medicated BD sample would have attenuated rather than accounted for our findings.
Ultimately, establishing the impact of medication on cerebral volumes will require longitudinal studies rather than cross-sectional analyses.
Conclusion
We raise the possibility that amygdala volumes are decreased in unmedicated patients with BD but increased in BD patients treated with mood stabilizers such as lithium and divalproex. These medications may modulate the pattern of dendritic remodeling associated with BD. Nevertheless, in rodents the pattern of dendritic remodeling appears complex, with distinct directions of remodeling (atrophy versus hypertrophy) obtained in different amygdala nuclei under different types of stress. Moreover, the effects of such stressinduced neuroplastic changes on amygdala function remain poorly understood. Our results should therefore be treated with caution until independently replicated.
